Abstract: Ti and its alloys are attractive materials for a variety of fields; however, a major problem of Ti and its alloys is their poor wear resistance. It is known that reinforcing Ti with hard ceramic phases can substantially improve the wear resistance. Thus, Ti-TiB-TiN x in-situ metal matrix composites were synthesised by reactive hot pressing utilising Ti/BN powder blends with 23:1 Ti:BN weight ratio. Ball-on-plate reciprocating dry sliding wear tests were performed against a 10 mm of alumina ball under 10 N normal load, at a frequency of 1 Hz, and with the total stroke length of 3 mm during 1,800 s. Results showed that the total wear volume loss was significantly decreased on the composite (11.4 ± 2.0 × 10 −3 mm 3 ) as compared to the unreinforced Ti (40.9 ± 4.2 × 10 −3 mm 3 ) due to the strengthening effect of the in-situ reinforcing phases.
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Introduction
Due to their properties such as high specific strength, long fatigue life, excellent corrosion resistance and biocompatibility, Ti and its alloys are attractive materials for a variety of fields including aerospace, chemical and biomedical industries (Li et al., 2013; Bolzoni et al., 2012; Rautray et al., 2011; Yap et al., 2011 ). However, a major problem of Ti and its alloys is their poor wear resistance. It is well known that incorporation of hard ceramic phases into a metal can result in a substantial improvement on the wear resistance (Kim et al., 2013 Doni et al., 2013; Qin et al., 2011; Attar et al., 2014) . However, apart from mechanical and physical factors that involves the tribo-system, materials-related factors such as microstructure of the metallic matrix material; type, shape, size, volume fraction and distribution of the reinforcement; and particularly the properties of the matrix/reinforcement interface strongly influences the tribological performance of the metal matrix composites (MMCs) (Sannino and Rack, 1995; Shipway et al., 1998; Rosenberger et al., 2005) . In MMCs, if the interfacial bonding between the matrix and the reinforcement is not strong enough, the hard reinforcing phases can pull-out during sliding and can result in catastrophic wear by acting as extra abrasives (Qin et al., 2011; Toptan et al., 2013; Mondal and Das, 2006; Doni et al., 2014) . Interface-related problems are known to be a major issue on ex-situ MMCs that arises mainly due to low wettability of matrix on the reinforcement phase, formation of detrimental reaction products at the interface and insufficient bonding between matrix and reinforcement (Ranganath, 1997; Toptan et al., 2013 Toptan et al., , 2010 . On the other hand, in-situ composites, where reinforcing phases are synthesised during the processing, presents 'clean' interfaces, no detrimental reactions products, no interfacial discontinuities and usually stronger interfaces (Ranganath, 1997; Aikin, 1997) .
Several studies were performed on in-situ composites utilising Ti together with reactants such as TiB 2 , B 4 C, B, C, and BN to form reinforcing phases such as TiB, TiB 2 , TiC, TiN by using reactive sintering, reactive hot pressing, spark plasma sintering, self-propagating high-temperature synthesis, and liquid metallurgical routes (Radhakrishna Bhat et al., 2002; Kim et al., 2013 Kim et al., , 2011 Feng et al., 2005; Atri et al., 1999; Chaudhari and Bauri, 2013; Wei et al., 2013; Panda and Chandran, 2003; Petukhov et al., 2007; Rangaraj et al., 2004; Yang et al., 2013; Yeh and Teng, 2006; Zhan et al., 2009; Contreras et al., 2004; Locci et al., 2006; Xinghong et al., 2002; Yeh and Chen, 2008; Zhang et al., 2013a; Gotman et al., 1998; Olevsky et al., 1996; Wang et al., 2012; Wen et al., 2001; Lu et al., 2002; Li et al., 2001 Li et al., , 2015 Qin et al., 2011; Das et al., 2014) . Within this variety of combinations, Ti-B-N system has been studied by several authors (Rangaraj et al., 2004; Yang et al., 2013; Yeh and Teng, 2006; Olevsky et al., 1996; Li et al., 2001) . Yang et al. (2013) presented a thermodynamic consideration on the Ti-BN system. The authors studied the potential reactions by taking consideration of the Ti-N and Ti-B phase diagrams and reported that TiN and TiB 2 are the most favourable reaction products in the Ti-BN system. However, it has been reported that in the presence of excess Ti, more specifically, if the average B concentration in the reaction zone is less than 18% in mass fraction, TiB 2 transforms to TiB at elevated temperatures (Chaudhari and Bauri, 2013; Zhang et al., 2013b) .
In the literature, a numerous number of studies that are using Ti with several reactants to produce in-situ composites were aimed at development of ceramic matrix composites. Furthermore, most of the studies were focused on structural and microstructural characterisation of the in-situ composites while the studies on the wear behaviour are very limited. Qin et al. (2011) studied the dry sliding wear behaviour of TiB and TiC reinforced Ti−MMCs processed by reactive hot pressing followed by extrusion. After the dry sliding wear tests performed against a tool steel counter material by using a pin-on-disk tribometer, the authors reported that in-situ ceramic phases significantly improved the wear resistance of pure Ti as well resulted in lower coefficient of friction (COF). The similar system (Ti-TiB-TiC) produced by lost-wax method was also tested by Kim et al. (2011) against a 52100 bearing steel ball by using a ball-on-disk tribometer, where lower wear loss and COF values were also reported. Kim et al. (2013) recently studied the fretting behaviour of Ti-TiB-TiC MMCs against a bearing steel ball specimen and reported that the wear volume loss decreased with the increased volume fraction of the hard ceramic phases.
Combination of the reinforcing phases of TiB and TiN also offers to improve the wear resistance of Ti owing to their high hardness, excellent thermal and chemical stability and corrosion resistance (Tomoshige et al., 1997; Wei et al., 2013; Sahay et al., 2011) . However, the wear behaviour of in-situ Ti-TiB-TiN MMCs is yet to be studied. Thus, the present work aimed at studying the dry sliding wear behaviour of Ti-TiB-TiN x in-situ MMCs synthesized by reactive hot pressing.
Experimental procedure
In-situ Ti-TiB-TiN x composites were synthesised by using Ti and BN particles having 28.8 and 1 µm average particle sizes, respectively. Particle blends having 23:1 Ti:BN weight ratio were ball milled at 25 rpm speed during 3h using alumina balls. Prior to the processing, powder mixture was dried in a muffle furnace at 105°C for 1 h in order to remove the humidity.
For the reactive hot pressing process, the powder mixtures were inserted into a zirconia painted graphite die having 10 mm diameter. The graphite die was mounted in to a hydraulic press and heated up to 1,100°C with a heating rate of 12°C/min, using an induction furnace. The entire process was performed under 10 -2 mbar vacuum and 40 MPa constant pressure with a sintering time of 30 min. Unreinforced Ti samples were also processed following the same processing route to be used as control group.
After processing, the samples were grinded and polished using SiC papers and colloidal silica suspensions down to 0.04 µm. After polishing, samples were ultrasonically cleaned in propanol for 10 min followed by distilled water during 5 min. Phase analysis of the as-processed in-situ composites was carried out by X-ray diffraction (XRD) using a Bruker D8 Discover diffractometer equipped with a Cu Kα radiation source. In order to characterise the in-situ reinforcing phases, composite samples were deeply-etched by Kroll's reagent (HF:HNO 3 :H 2 O) and the microstructures were investigated by FEI Quanta 400 Field emission gun scanning electron microscope (FEG-SEM) equipped with EDAX Genesis X4M energy dispersive X-ray spectroscopy (EDS) and FEI Nova 200 FEG-SEM equipped with EDAX EDS. Vickers hardness was evaluated by using Officine Galileo Mod. D 200 tester by a mean of five indentations per sample with 30 kg load and 20 s dwelling time.
Dry sliding wear tests were performed on a tribometer (CETR-UMT-2) using ball-on-plate configuration with a reciprocating plate adapter. An alumina ball of 10 mm diameter (Ceratec) was used as a static counter material and the samples were placed as the moving body. The tests were performed in ambient air (24 ± 2°C), under 10 N normal load, at a frequency of 1 Hz, and with the total stroke length of 3 mm during 1,800 s. Tests were repeated at least three times in order to assure the repeatability.
After the tests, wear debris were collected and the samples were cleaned following the procedure applied after metallographic sample preparation. Worn surfaces and wear debris were characterised using FEI Nova 200 FEG-SEM equipped with EDAX EDS (all worn surface micrographs were taken as parallel to the sliding direction). Besides, 2D profiles were obtained from the wear tracks by a contact profilometer (Mitutoyo Surtest SJ-500) and the total wear volume loss values were calculated following the procedure given elsewhere (Doni et al., 2013) . Li et al. (2001) investigated the microstructure evolution on Ti/BN powder blends having 3:2 Ti to BN molar ratio and reported after DSC analysis that TiN phase forms between 300−500°C, whereas TiB 2 and TiB phases form at the temperature range of 500−900°C. On the other hand, as stated above, in the presence of excess Ti, TiB 2 transforms to TiB at elevated temperatures (Chaudhari and Bauri, 2013; Zhang et al., 2013b) . Furthermore, Yang et al. (2013) reported for the Ti-BN system that N atoms dissolve into the α-Ti as interstitials and form α-TiN 0.3 . Then, N atoms from BN react with α-TiN 0.3 and form Ti 2 N and sub-stoichiometric TiN x . Above 1,100°C, Ti 2 N transforms to TiN x where as more N atoms diffuse into the TiN x phase, its composition becomes close to stoichiometric TiN. As can be seen on the XRD spectrum given in Figure 1(a) , the composites exhibited TiB and TiN x in-situ reinforcement phases, as in accordance with the literature. On the other hand, it is known that B atoms have faster diffusion rates in the [010] direction as compared to the other directions, resulting in a needle-like morphology for the TiB phase (Quast et al., 2008; Sahay et al., 2011) . The TiB whiskers were not clearly visible on the polished as-processed surfaces [ Figure 1 
Results and discussion
Figures 2(a) and 2(b) gives the representative low magnification SEM images of the wear tracks. As can be seen on the images, composite samples presented thinner wear tracks as compared to the unreinforced samples. Besides, parallel sliding grooves and tribochemical features can also be seen on the images presented in secondary electron (SE) and backscattered electron (BSE) modes, respectively. The topography and the features can be seen more clearly on the higher magnification images taken from the wear tracks given in Figures 2(c)−2(f), together with the representative EDS spectra taken from the wear track areas, revealing the presence of oxides. Titanium oxides may form on the worn surfaces due to the repetitive material transfer between the sliding surfaces resulting in formation of adhered/mixed oxide patches (Zivic et al., 2011; Dong and Bell, 1999; Doni et al., 2013) . Oxidational wear describes a wear mechanism where oxide films are formed at the contact area due to the elevated temperature at the sliding zone. It is known that these oxides can play a protective role during sliding of metallic materials. However, when the oxide layers reach a critical thickness, they can break up resulting in formation of oxide wear debris (Srinivasan et al., 2002; Zafari et al., 2012; Quinn, 1983; Yap et al., 2011) . As can be seen on Figures 2(a) , 2(c), and 2(e), although the oxide patches covered a relatively higher area fraction on the worn surfaces, it was not a continuous layer, thus, could not completely avoid the contact of the counter material with the Ti surface, resulting in grooves on the worn surfaces [Figures 2(c) and 2(e)]. Worn composite surfaces, on the other hand, exhibited relatively compact wear debris with a smaller area fraction as compared to the oxide patches on the unreinforced sample surfaces. In addition to oxygen, EDS analysis also revealed the presence of Al pointing a considerable amount of material transfer from the counter material (alumina ball). Figures 3(a) and 3(b) present the SE images of the worn counter material surfaces together with EDS spectra taken from the wear scars. Material transfer from the samples to the alumina ball surfaces were detected on both samples. The wear scars on the balls corresponding to the unreinforced samples were bigger whereas the dominant feature was observed as adhesion of titanium. However, although no profilometric study was performed on the worn alumina surfaces, SEM images suggested more wear damage on the balls corresponding to the composite samples resulting in transfer of alumina debris to the composite surfaces [ Figure 2 The representative evolution of COF during sliding is given in Figure 4 . As soon as sliding started, COF values were suddenly reached the values around 0.4 for both materials. The values for the unreinforced titanium first slightly decreased then gradually increased up to approx. 0.48 at around 300 s and after this point, oscillated around this value till the end of the sliding. A slight decrease at the beginnings of the sliding was also observed for the composite samples. Then, the values were gradually increased up to approx. 0.53 around 1,100 s. After this point, the values presented waves and oscillations around this value. The evolution of the COF values during approx. first 300 s for the unreinforced samples may be attributed to the oxide patches. At the first half of this period, the slight decrease on the values can be related to the formation of the patches resulting in decreased metal/oxide contact and increased oxide/oxide contact. However, since the oxide patches formed discontinuously, as the thickness of the patches increased, the roughness of the worn surface may increase, leading to increased COF values between approx. 150 and 300 s of sliding. After this point, the patches may be reached to a certain thickness and may be broken by the counter material leading to the formation of fine oxide debris [ Figure 5(a) ]. The entrapped debris on the sliding zone (i.e., third body particles) can lead to oscillations on the COF values (Doni et al., 2013) . The evolution of COF on the composite sample presented relatively similar behaviour during approx. first 150 s of sliding. The gradual increase on the values after this point can be related to the formation of the compacted wear debris. SEM images of the wear debris ( Figure 5 ) suggested that unreinforced titanium generated loose, fine wear debris, whereas the debris on the composite samples exhibited compacted, flake-like shape [flakes indicated with dashed lines on Figure 5 After microstructural and chemical analysis of the mating surfaces and wear debris, together with the analysis of the COF evolution during the sliding, it is deduced that wear mechanism for the unreinforced sample was mainly a combination of abrasive, adhesive, and oxidative wear, whereas composite samples exhibited mainly abrasive wear. Increased hardness of the composite samples due to the in-situ nano/micro reinforcements resulted in a significant increase on the hardness (316 ± 27 and 736 ± 65 HV for the unreinforced and composite samples, respectively) leading to less plastic deformation on the composite samples. It is known that strengthening can take place on MMCs by direct and indirect strengthening. Direct strengthening in discontinuously reinforced MMCs is considered as an extension of the classical composite strengthening mechanisms where under an applied load, the load is transferred from matrix to the reinforcement through the interface. Thus, if the matrix/reinforcement interface is strong, strengthening takes place by the contribution of the reinforcing phase on carrying of the load. Besides, reinforcing phases can lead to dislocations that can be generated either by straining in response to an applied load or straining due to the coefficient of thermal expansion (CTE) mismatch between matrix and reinforcement, or dislocation motion can be impeded by the reinforcing phase on a matrix slip plane that is known as indirect strengthening (Chawla and Shen, 2001; Russell and Lee, 2005) . As a result, the total wear volume loss was significantly decreased on the composite samples (11.4 ± 2.0 × 10 −3 mm 3 ) as compared to the unreinforced samples (40.9 ± 4.2 × 10 −3 mm 3 ), which can also be seen clearly on the representative wear profiles given in Figure 6 .
Conclusions
Reciprocal dry sliding wear behaviour of Ti-TiB-TiN x in-situ composites synthesised by reactive hot pressing using Ti/BN powder blends with 23:1 Ti:BN weight ratio was studied. The reactive hot pressing at 1,100°C resulted in in-situ formation of TiB and TiN x phases that increased the hardness from 316 ± 27 to 736 ± 65 HV. Owing to the strengthening effect given by the in-situ reinforcing phases, total wear volume loss was significantly decreased on the composite samples (11.4 ± 2.0 × 10 −3 mm 3 ) as compared to the unreinforced samples (40.9 ± 4.2 × 10 −3 mm 3 ). While the unreinforced Ti exhibited mainly a combination of abrasive, adhesive, and oxidative wear, abrasive wear was the dominant mechanism for the in-situ composite. These results suggested that Ti-TiB-TiN x in-situ composites can find some applications where lower wear resistance of titanium is problematic. However, further studies are needed in order to have a deeper understanding to the wear behaviour of these in-situ composites as a function of volume fraction of the in-situ phases and testing parameters (normal load, sliding frequency, sliding time, etc). Furthermore, since several applications are being exposed to corrosive environments, tribocorrosion behaviour of these composites also needs to be studied.
